Introduction {#s1}
============

Cellular senescence is a persistent proliferation arrest that can be triggered by many stress stimuli, including telomere attrition, oncogene activation and DNA damage \[[@BCJ-476-2463C1]\]. Senescence is considered a major impediment for tumor genesis and neoplastic transformation involves evasion of senescence \[[@BCJ-476-2463C2]--[@BCJ-476-2463C4]\]; nevertheless, many tumors retain the ability to senesce \[[@BCJ-476-2463C5]\]. In melanoma, inactivation of oncogenes \[[@BCJ-476-2463C6]--[@BCJ-476-2463C8]\], restoration of tumor suppressors \[[@BCJ-476-2463C9],[@BCJ-476-2463C10]\], chemotherapeutics such as temozolomide (TMZ) \[[@BCJ-476-2463C8],[@BCJ-476-2463C11]\], targeted therapies (e.g. vemurafenib, trametinib, palbociclib) \[[@BCJ-476-2463C10],[@BCJ-476-2463C12],[@BCJ-476-2463C13]\] and radiation \[[@BCJ-476-2463C12]\] can induce senescence confirming the importance of the pathway. Thus, cellular senescence can be considered a new 'end point' of melanoma therapy alternative to death by apoptosis or mitotic catastrophe \[[@BCJ-476-2463C14],[@BCJ-476-2463C15]\].

In senescent cells, proliferation arrest involves the increase in cyclin-dependent kinase inhibitor 2A (p16-INK4), and/or tumor suppressor p53 that promotes the transcription of cyclin-dependent kinase inhibitor 1 (p21). Both p16 and p21 prevent the phosphorylation of the retinoblastoma protein (pRb), repressing E2F transcription factor activity, needed for S-phase entry in the cell cycle \[[@BCJ-476-2463C1],[@BCJ-476-2463C16]\]. Senescent cells present changes in cell morphology, increase in lysosomal β-galactosidase activity, activation of the DNA damage response, heterochromatin foci and a secretory phenotype of growth factors, cytokines and proteases, known as the senescence-associated secretory phenotype (SASP) \[[@BCJ-476-2463C1]\].

While the arrest in the proliferation of senescent cells is clearly tumor suppressive, the impact of the SASP on the tumor microenvironment is diverse, and depends on the cell type, the inducer of senescence and the tissue were the SASP exert its effects \[[@BCJ-476-2463C17],[@BCJ-476-2463C18]\]. Recent work shows that targeted apoptosis of senescent cells reduces breast cancer relapse and metastasis after chemotherapy and prevents fatigue and cardiotoxicity \[[@BCJ-476-2463C19]\]. However, both pro- and anti-tumor effects have been reported for the senescent secretome in melanoma; \[[@BCJ-476-2463C8],[@BCJ-476-2463C20]--[@BCJ-476-2463C23]\]; and it is still not clear if senescence is a beneficial or detrimental response to cancer therapy \[[@BCJ-476-2463C24]\].

Senescent cells also present profound alterations in their energy metabolism and a shift towards energy-producing pathways at the expense of biosynthetic routes has been observed \[[@BCJ-476-2463C25]\]. In particular, an increase in mitochondrial oxygen consumption and oxidative phosphorylation has been reported in oncogene-induced senescence in human fibroblasts \[[@BCJ-476-2463C26]--[@BCJ-476-2463C28]\] and in therapy-induced senescence in lymphoma \[[@BCJ-476-2463C29]\]. However, in replicative and DNA damage-induced senescence, an impairment of mitochondrial function and increased glycolysis and glucose fermentation to lactate has been described \[[@BCJ-476-2463C30]--[@BCJ-476-2463C32]\]. Thus, senescent cells appear to have different bioenergetic phenotypes, depending on the triggering stimuli.

Most of what we know about the metabolism of the senescent cell comes from research carried out in fibroblasts, while relatively little is known about the metabolism of melanoma senescent cells. However, increasing evidence supports a role for mitochondria in resistance to therapy in melanoma \[[@BCJ-476-2463C33]--[@BCJ-476-2463C36]\] and mitochondrial metabolism appears as a plausible target to overcome resistance to targeted therapies \[[@BCJ-476-2463C36]\].

Mitochondrial energy metabolism relies heavily on fusion, fission, biogenesis and mitophagy. These events play a role in the quality control of the organelle and adaptation to the energy demands \[[@BCJ-476-2463C37],[@BCJ-476-2463C38]\]. In particular, fusion and fission proteins MFN1, MFN2, optic atrophy protein 1 homolog (OPA1), dynamin-related protein 1 (DRP1), mitochondrial fission factor (MFF) and mitochondrial fission 1 protein (FIS1), modulate mitochondrial shape in response to cellular requirements \[[@BCJ-476-2463C37],[@BCJ-476-2463C38]\].

We hypothesized that the phenotypic changes experienced by the senescent cells, in particular, proliferation arrest and increased synthesis and secretion of components of the SASP, would lead to changes in cell metabolism and bioenergetics that would impact mitochondria. Thus, in this work we explored the alterations in mitochondrial metabolism that accompany the induction of senescence in mouse melanoma cells exposed to TMZ, an alkylating agent used in chemotherapy \[[@BCJ-476-2463C39]\]. Our results show that TMZ leads to an increase in several mitochondrial respiratory parameters; along with changes in both mitochondrial mass and length. Furthermore, we identify mitochondrial fusion proteins that are required for the establishment of the SASP during chemotherapy against melanoma.

Experimental {#s2}
============

Cell culture and treatment {#s2a}
--------------------------

The mouse melanoma B16-F1 cell line (CRL-6323, ATCC) was cultured in Dulbecco\'s modified Eagle\'s medium (DMEM, Gibco) with 4.5 g/l glucose, 10% FBS (Gibco), penicillin 50 U/ml and streptomycin 50 µg/ml. All cells were maintained at 37°C in a CO~2~ incubator (95% air, 5% CO~2~). All reagents were from Sigma unless otherwise specified.

B16-F1 cells were treated with 200 µM TMZ for 5 h, this procedure was performed twice with a 24-hour interval. Treatment with the vehicle, dimethyl sulfoxide (DMSO), was used as control in all experiments. Measurements were made 4 days after the second exposure to the drug, unless otherwise specified.

Senescence-associated β-galactosidase (SA-β-gal) assay {#s2b}
------------------------------------------------------

Cells were stained as described previously \[[@BCJ-476-2463C40]\]. Percentage positive staining was calculated by counting at least 100 random cells in five different microscopic fields.

Mitochondrial mass and morphology in living cells {#s2c}
-------------------------------------------------

Cells were incubated, in the culture medium without serum, with 300 nM MitoTracker Green FM (Thermo Fisher Scientific) at 37°C for 30 min. Mitochondrial mass was assessed by flow cytometry (BD FACSCalibur), measuring geometrical mean fluorescence intensity of the population.

Mitochondrial length was determined using ImageJ software. The threshold fluorescence was adjusted, binary images generated and the *Feret\'s diameter* (longest distance between any two points along the selection boundary) \[[@BCJ-476-2463C41]\] of selected particles determined. The analysis was limited to regions in the periphery of cells, where individual mitochondria were easily resolved, since in the perinuclear region of the cell the high density of mitochondria prevented determining the size of each mitochondria \[[@BCJ-476-2463C42]--[@BCJ-476-2463C45]\]. At least three different microscope slides, obtained from different cultures, were analyzed for each condition, and more than 4000 mitochondria per slide were evaluated in different microscopic fields. Mean values of mitochondrial length were determined considering all measured mitochondria in each slide. Frequency distribution analyses were performed in 4000 mitochondria per condition, picked randomly from all the measurements obtained in different slides, a bin width of 0.5 was chosen.

Cellular bioenergetics {#s2d}
----------------------

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured simultaneously in a Seahorse XFe24 extracellular flux analyzer (Agilent). Before the experiment, the culture medium was replaced with an unbuffered medium (DMEM pH 7.4, supplemented with 5 mM glucose, 1 mM sodium pyruvate, 32 mM NaCl and 2 mM glutamine) and incubated for 1 h at 37°C without CO~2~. Basal oxygen consumption measurements were taken before the injection of oxidative phosphorylation inhibitors or an uncoupler. For mitochondrial respiratory analysis, successive measurements were taken after the sequential addition of oligomycin (1 µM), carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, 1.5 µM, two additions) and antimycin A (AA, 0.5 µM) \[[@BCJ-476-2463C46]\].

Respiration in permeabilized cells was measured after the addition of digitonin (40 µg/ml, Applichem) \[[@BCJ-476-2463C47]\]. Briefly, the concentration of digitonin was titrated to assure that the plasma membrane was permeabilized, without affecting mitochondrial integrity. OCR was determined using pyruvate (5 mM)/malate (2.5 mM) and succinate (10 mM), specific substrates of mitochondrial electron transport complexes I and II, respectively. We performed measurements in the absence and presence of ADP (1 mM) to determine mitochondrial respiration in state 2 and state 3, respectively \[[@BCJ-476-2463C47],[@BCJ-476-2463C48]\]. Respiratory control ratios (RCR) were calculated as the ratio between state 3 and state 2, assuming that state 2 respiration would be very similar to state 4 since in the absence of contaminating ATPases both rates are mainly controlled by proton leak \[[@BCJ-476-2463C48]\].

Antimycin A-resistant respiration (non-mitochondrial respiration) was subtracted from all oxygen consumption measurements. After each assay, protein content (µg) per well was determined with the bicinchoninic acid (BCA) technique (Pierce, Thermo Scientific) or cells were detached with Trypsin-EDTA and counted with a Z1 Coulter Counter Dual Threshold (Beckman Coulter). OCRs and ECARs were normalized considering either protein content (µg) or cell number.

To study glucose fermentation to lactate, the ECAR was measured before (ECAR~basal~) and after the addition of 80 mM oxamate (ECAR~Ox~) or 80 mM 2-deoxyglucose (ECAR~2-DG~), inhibitors of lactate dehydrogenase and hexokinase, respectively \[[@BCJ-476-2463C49]\]. To determine how much of the ECAR was affected by the hexokinase inhibitor, and was due to glucose catabolism in glycolysis, we calculated the fraction of the ECAR that was sensitive to 2-DG (see eqn 1) Similarly, we determined the fraction of extracellular acidification depending on lactate formation (see eqn 2).$$\text{ECAR}\;\text{sensitive}\;\text{to}\; 2\text{-DG} = \frac{\text{ECAR}_{basal} - \text{ECAR}}{\text{ECAR}_{basal}}$$$$\text{ECAR}\;\text{sensitive}\;\text{to}\;\text{oxamate} = \frac{\text{ECAR}_{basal} - \text{ECAR}_{Ox}}{\text{ECAR}_{basal}}$$

Immunofluorescence {#s2e}
------------------

Cells were cultured in glass slides or coverslips, fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton in PBS, incubated in blocking buffer (3% BSA, 0.1% Triton in PBS) for 1 h and incubated with primary antibodies overnight at 4°C. The following day cells were incubated with the secondary antibodies: Alexa Fluor® 488 goat anti-rabbit IgG (H + L) (\#A11034) and Alexa Fluor® 594 goat anti-mouse IgG (H + L) (\#A11005) from Thermo Fisher Scientific and 4′,6-diamidino-2-phenylindole (DAPI, 1 µg/ml, Thermo Fisher Scientific) was used to stain the nuclei.

For the detection of phosphorylated histone H2AX (γ-H2AX) foci, we used a primary antibody anti- γ-H2AX (Ser139) (Millipore \#07-164, 1:2000). Cells were imaged by a epifluorescence microscopy (Nikon Eclipse TE200). Percentage positive staining was calculated counting cells with foci formation in more than 100 random cells in five different fields.

For proliferation assays, cells were incubated with bromodeoxyuridine (BrdU, 10 µM, BD Pharmingen) for 6 h, fixed with cold methanol at −20°C for 5 min and washed with PBS. The slides were treated with HCl 2N, Triton 0.5% in PBS for 20 min, washed with PBS to neutralize HCl. Cells were then incubated in blocking buffer, followed by incubation with an anti-BrdU antibody (\#347580 Becton Dickinson, 1 : 50). Cells were imaged by the epifluorescence microscopy (Nikon Eclipse TE200). The percentage positive staining was calculated by counting BrdU-stained nuclei in more than 100 random cells in five different fields. For the evaluation of *Mfn1* silencing, we used a primary antibody anti-MFN1 (ab104274 Abcam 1 : 100) and imaged by epifluorescence microscopy (Nikon Eclipse TE200).

For colocalization assays, cells were immunostained with the primary antibodies anti-SDH subunit A (ab14715 Abcam 1 : 200) and anti-DRP1 (ab54038, Abcam 1 : 200) and imaged by confocal microscopy (Leica, SP5). Pearson correlation coefficient \[[@BCJ-476-2463C50]\] was determined with the Icy free software using the Colocalization Studio plugin. This coefficient is independent of signal because it subtracts the mean intensity from each pixel\'s intensity value \[[@BCJ-476-2463C51]\]. At least three different microscope slides, obtained from different cultures, were analyzed for each condition.

Assessment of mtDNA/nDNA ratio {#s2f}
------------------------------

Total DNA was extracted from cultured cells with DNAzol reagent following the manufacturer\'s instructions, extending the precipitation time to 20 min at −20°C. DNA was quantified measuring A~260 nm~ and the purity of the samples controlled measuring A~260~/A~280~ ratio with a NanoDrop (Thermo Fisher Scientific). PCR primer sequences for murine mitochondrial encoded gene 12S rRNA: 5′-ACCGCGGTCATACGATTAAC-3′ (forward) and 5′-CCCAGTTTGGGTCTTAGCTG-3′ (reverse); and nuclear encoded target 18S rRNA: 5′-CGCGGTTCTATTTTGTTGGT-3′ (forward) and 5′-AGTCGGCATCGTTTATGGTC-3′ (reverse) were obtained from \[[@BCJ-476-2463C52]\]. Equal amounts of total isolated genomic DNA (15 ng) were used for amplification by real-time quantitative PCR with QuantiTect® SYBR® Green PCR Kit (Qiagen) and 0.5 µM of each primer in a Rotor-Gene 6000 analyzer (Corbett). Separate tubes were used for mtDNA and nDNA amplification. The mtDNA/nDNA ratio was calculated as 2^(Ctn − Ctmt)^, assuming a doubling of DNA copy per cycle, and results were expressed as fold change relative to control condition \[[@BCJ-476-2463C52]\].

Flow cytometry analysis and cell sorting of senescent cells {#s2g}
-----------------------------------------------------------

The cells were trypsinized, collected in the culture medium and immediately used for analysis in a BD FACSCalibur flow cytometer (BD Biosciences). Cellular size and granularity were analyzed in the forward and side scatter (FSC-H and SSC-H), respectively. Populations of senescent cells were detected at higher values of both FSC-H and SSC-H as compared with proliferating cultures of melanoma cells, as described previously \[[@BCJ-476-2463C53]\].

Cell sorting was performed using a BD FACSAria^TM^ Fusion cell sorter (BD Biosciences) equipped with a solid-state diode 488 nm laser. The analysis of the following parameters was carried out with DIVA software: forward-angle light scatter area (FSC-A), sideward scatter area (SSC-A). For doublet discrimination, the analysis of FSC-A versus FSC-H was performed. Cells were sorted using a 70-µm nozzle at a rate of 10 000 events per seconds. The sorting mode was Purity. Sort decision was based on the following gate strategies: FSC-A versus SSC-A dot plot to identify senescent (large) and non-senescent (small) cell populations; and FSC-A versus FSC-H dot plot to exclude doublets.

Following sorting, cells were washed, suspended in the culture medium and plated into tissue culture dishes. SA-β-gal staining and oxygen consumption assays were performed 7 days after sorting. For real-time RT-PCR, RNA was extracted immediately after cell sorting and confocal microscopy was assessed two days after cell sorting.

Cell size {#s2h}
---------

Cells were detached by incubation with Trypsin-EDTA (0.05%, 0.02%), suspended in PBS and cell diameter measured in Countess™ automated cell counter (Thermo, Fisher Scientific), following the manufacturer\'s instructions. Cell volume was calculated assuming that cells adopt a spherical shape in suspension (V = 4/3πr^3^).

Immunoblotting {#s2i}
--------------

Cells were routinely lysed in cell lysis buffer containing 20 mM Tris--HCl (pH 7.5), 150 mM NaCl, 0.1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na~2~VO~4~, 1 mM NaF, 1 mM PMSF, supplemented with Sigma FAST protease inhibitor cocktail and Calbiochem phosphatase inhibitor cocktail. Lysates were sonicated, centrifuged at 10000***g*** for 10 min and stored at −80°C. Protein concentration was determined with bicinchoninic acid (Thermo Fisher Scientific). Proteins (20--40 µg) were resolved by SDS--PAGE and transferred to nitrocellulose membranes at 4°C overnight using standard Western blotting procedures. The membranes were incubated with primary antibodies overnight at 4°C. Anti-phospho-ATM (Ser1981) (05-740 1 : 1000) and anti-α-tubulin (05-829 1 : 1000) were from Millipore. Anti-ATM (\#2873 1 : 1000), anti-phospho-p53 (Ser15) (\#9284 1 : 1000) and anti-GAPDH (\#2118, 1 : 1000) were from Cell Signaling Technology. Anti-p53 (sc-6243 1 : 1000) and anti-p21 (sc-397 1 : 1000) were from Santa Cruz Biotechnology. Anti-OPA1 (ab42364 1 : 1000), anti-DRP1 (ab54038 1 : 1000), anti-MFN1 (ab104274 1 : 4000), anti-MFN2 (ab124773 1 : 1000), anti-FIS1 (anti-TTC1, ab71498 1 : 1000), anti-Complex I subunit 8 kDa (ab110245, 1 : 1000), anti-ATP5A (ab14748, 1 : 1000), anti-SDHA (ab14715 1 : 1000), anti-COX IV (ab33985 1 : 1000), anti-MFF (ab129075, 1 : 1000) were from Abcam.

Secondary antibodies: IRDye® 800 anti-Rabbit IgG (H + L) (\#926-32211, 1 : 20 000) and IRDye® 680 anti-Mouse IgG (H + L) (\#926-68070, 1 : 20 000) from LI-COR Bioscience were used and immunoblots were visualized with the Odyssey (LI-COR Biosciences) and analyzed with Image Studio Lite (LI-COR Bioscience).

Gene expression analysis {#s2j}
------------------------

Total RNA was extracted with TRIzol reagent (Thermo Fisher Scientific) and precipitated with isopropanol. The isolated RNA was quantified at A~260 nm~ and the purity of the sample controlled measuring A~260~/A~280~ ratio in a NanoDrop (Thermo Fisher Scientific). Prior to cDNA synthesis, 1 µg of total RNA was treated with DNAse-I (Thermo Fisher Scientific). Retrotranscription was performed in a final volume of 20 µl in the presence of random primers (200 ng), dNTPs (0.5 mM), DTT (0.01 M), RNaseOUT (40 U) and M-MLV Reverse Transcriptase (Invitrogen).

Quantitative RT-PCRs were carried out using QuantiTect® SYBR® Green PCR Kit (Qiagen) with specific primers (Supplementary Material), in a Rotor-Gene 6000 analyzer (Corbett). Beta-Actin encoding gene *Actb* was used as house-keeping gene. The relative mRNA amount in each sample was calculated using the 2^−ΔΔCt^ method \[[@BCJ-476-2463C54]\] where ΔCt = Ct~gene\ of\ interest~ − Ct~Actb.~ Results were expressed as relative fold change in mRNA levels compared with control cells.

Transmission electron microscopy {#s2k}
--------------------------------

Cells from both groups (control and TMZ) were fixed overnight at 4°C in 3% glutaraldehyde in cacodylate buffer (CB) at pH 7.2. After five successive washings in CB of 5 min each, samples were post-fixed in 1% OsO4 in Milli Q water for 30 min, followed by five washes of 5 min each. Dehydration was performed in ethanol baths of increasing concentration, followed by acetone. The imbibition of the cells and their inclusion in blocks was performed using Araldite ACM resin of Fluka. The ultrathin sections were made in an RMC-MTX ultramicrotome and collected on 200 mesh copper grids. The contrast was first performed with 2% aqueous uranyl acetate for 30 min at 60°C, and after with Lead Citrate following the Reynolds protocol. The observation was performed on a Jeol JEM-1010 transmission electron microscope, operating at 100 kW. The images were captured with a HAMAMATSU C-4742-95 digital camera and processed with the Photoimpact program.

Mitochondrial length was determined in the electron microscopy images using the ImageJ software. Lines were traced indicating the longest distance between two points in the organelle and measured using the *Length* parameter.

Citrate synthase activity {#s2l}
-------------------------

Enzymatic activity of citrate synthase was assessed spectrophotometrically at 412 nm following the reduction in 5,5′-dithio-bis-\[2-nitrobenzoic acid\] (100 µM) in the presence of oxaloacetate (250 µM) and acetyl-CoA (50 µM) \[[@BCJ-476-2463C55]\].

Lentiviral shRNA transduction {#s2m}
-----------------------------

Plasmids carrying shRNA constructs targeting *Mfn1* (TRCN0000081402 and TRCN0000081398) *Mfn2* (TRCN0000080610) were from Dharmacon. The plasmid-carrying scrambled shRNA was a gift from David Sabatini (Addgene plasmid \# 1864\[[@BCJ-476-2463C56]\]); pCMV-VSV-G and pCMV-dR8.2 dvpr were a gift from Bob Weinberg (Addgene plasmids \# 8454 and \#8455\[[@BCJ-476-2463C57]\]). Lentiviral vectors were produced in 293T cells according to the protocols established by the Broad Institute RNAi Consortium ([www.broadinstitute.org/genome_bio/trc/publicProtocols.html](www.broadinstitute.org/genome_bio/trc/publicProtocols.html)). B16-F1 cells were transduced with lentiviruses overnight in complete media with 8 µg/ml polybrene. Infected cells were subsequently selected in DMEM supplemented with 2 µg/ml puromycin.

Subcellular fractionation {#s2n}
-------------------------

After TMZ treatment, B16-F1 cells were ruptured in homogenization buffer (Tris--HCl 10 mM, 0.25 M sucrose, pH 7.6) with a Potter-Elvehjem homogenizer. Lysates were centrifuged at 1000***g*** for 10 min at 4°C to remove whole cells and nuclei. Mitochondrial and cytosol-enriched fractions were obtained by centrifugation at 14000***g*** for 10 min at 4°C. The supernatant was enriched in cytosolic proteins and the pellet in mitochondria. The pellet was washed with homogenization buffer and then resuspended in Tris--HCl 10 mM, pH 7.6 with a protease inhibitor. Protein concentration was determined by the BCA method.

ELISA {#s2o}
-----

Cells were seeded in six-wells plates and three days after TMZ treatment cells were washed with PBS and added 1 ml of DMEM. Two days after the medium was collected, centrifuged at 1000***g*** to remove cells and debris and stored at −80°C. IL-6 cytokine analysis was assessed by ELISA using OptEIA™ Set kit (BD Bioscience). Results were normalized to µg of protein.

Statistical analysis and graphs {#s2p}
-------------------------------

All plots and statistical analysis were performed using GraphPad Prism. Data were analyzed by two-tailed unpaired or paired Student\'s *t*-test, as appropriate, (when comparing two groups); or one- or two-way ANOVA with Tukey post hoc tests, as appropriate, (when comparing more than two groups). Frequency distributions were analyzed performing contingency tables and Chi-square tests \[[@BCJ-476-2463C58]\]. *P* \< 0.05 was considered statistically significant. Scatter dot plots are used in most cases, bar plots are shown in experiments with *n* \> 8. In all cases, results in the text show mean ± S.D. In all experiments, n values represent the number of independent biological samples (wells, culture dishes or coverslips per group/condition). All experiments and statistical analysis were performed with *n* ≥ 3.

Results {#s3}
=======

TMZ induces senescence in melanoma cells {#s3a}
----------------------------------------

To study the metabolic alterations that accompany the induction of senescence in melanoma, we established a model of therapy-induced senescence. We exposed B16-F1 mouse melanoma cells to TMZ, a genotoxic agent used in chemotherapy whose mechanism of action involves the methylation of *O*6-guanine residues in DNA \[[@BCJ-476-2463C39]\]. B16-F1 cells lack cyclin-dependent kinase inhibitor p16-INK4 and present wild-type p53 \[[@BCJ-476-2463C59]\], thus are good candidates to induce senescence through the activation of the DNA damage response and p53/p21 pathway.

Exposure of B16-F1 cells to two additions of TMZ, in concentrations similar to those found in the blood of patients undergoing chemotherapy \[[@BCJ-476-2463C60],[@BCJ-476-2463C61]\], led to the persistent activation of the DNA damage response. Phosphorylation and activation of the DNA damage sensor ataxia-telangiectasia mutated kinase (ATM), and of its substrate p53 could be observed in the culture after treatment ([Figure 1A](#BCJ-476-2463F1){ref-type="fig"}), along with an increase in p53 and p21 levels ([Figure 1A](#BCJ-476-2463F1){ref-type="fig"}). Quantitation of p21 mRNA showed a gradual increase, achieving a sevenfold increase after 4 days of exposure to the drug (Supplementary Fig. S1A). Activation of the DNA damage response was observed 24 h after the second exposure to TMZ and persisted for at least 5 days ([Figure 1A](#BCJ-476-2463F1){ref-type="fig"}). ATM activation also led to an increase in γ-H2AX nuclear foci in treated cells ([Figure 1B](#BCJ-476-2463F1){ref-type="fig"}). Figure 1.TMZ induces senescence in mouse melanoma cells.B16-F1 cells were exposed twice to TMZ (200 µM) or the vehicle, DMSO (Control) for 5 h with a 24 h interval. Measurements were performed at different times after the second exposure to the drug. (**A**) Representative western blots performed with antibodies for phosphorylated ATM (Ser1981) (ATM-P), ATM, phosphorylated p53 (Ser15) (p53-P), p53, p21 and tubulin (*n* = 3 culture dishes per condition). (**B**) Representative images of γ-H2AX nuclear foci two days after TMZ treatment. The percentage of cells with nuclear foci is shown below the picture (*n* = 6 coverslips per group). (**C**) Growth curves were obtained counting live cells by trypan blue exclusion (*n* = 9 wells per group). (**D**) Representative images of BrdU incorporation to DNA. The percentage of cells with positive nuclear staining is shown below the picture (*n* = 6 coverslips per group). (**E**) Representative images of SA-β-gal activity assay four days after TMZ exposure. The percentage of positive cells is shown below the picture (*n* = 6 wells per group). (**F**) Cell size (FSC-H parameter) and granularity (SSC-H parameter) were assessed by flow cytometry 4 days after treatment. A representative image is shown (*n* = 3 wells per group). (**G**) Viable cell diameter of trypsin-detached cells was determined from the histograms in Supplementary Figure S1B (*n* = 6 culture dishes per group). (**H**) Trypsin-detached cells were counted and protein mass (µg) was determined by the bicinchoninic acid technique (*n* = 3 culture dishes per group). (**I**) Real-time RT-PCR was performed for several components of the SASP. Results are expressed relative to the control condition (*n* = 3 culture dishes per group). Results are the mean ± S.D. *T*-tests were performed, *\* P* \< 0.05, *\*\*\* P* \< 0.0001.

TMZ treatment affected culture growth ([Figure 1C](#BCJ-476-2463F1){ref-type="fig"}) and the arrest in proliferation of melanoma cells was confirmed assessing the incorporation of the thymidine analog BrdU into DNA ([Figure 1D](#BCJ-476-2463F1){ref-type="fig"}). An induction of SA-β-gal activity, an increase in size and marked morphological changes could be observed in B16-F1 cells, 4 days after the exposure to TMZ ([Figure 1E](#BCJ-476-2463F1){ref-type="fig"}).

The increase in cell size, along with changes in granularity of the population, was also observed by flow cytometry. TMZ-treated cells presented higher forward and side scatter (FSC and SSC) values than control cells. To determine the percentage of cells that experienced these morphological alterations, the population (R1) was distributed into two different subpopulations (R2 and R3); 71 ± 1% of the cells exposed to TMZ could be found in region R3 (larger and more granular cell population) while only 7.7 ± 0.5% of control cells were included in this group ([Figure 1F](#BCJ-476-2463F1){ref-type="fig"}).

To quantify the changes in size, cells were detached from the culture dishes and analyzed in the Countess™ automated cell counter. An increment in cell diameter was observed in TMZ-treated cells (14.5 ± 0.3 µm) with respect to control cells (12.7 ± 0.2 µm) ([Figure 1G](#BCJ-476-2463F1){ref-type="fig"} and Supplementary Fig. S1B), that corresponded with nearly 50% increase in cell volume (control cells 1100 ± 100 µm^3^ and TMZ-treated cells 1600 ± 300 µm^3^). Measurement of protein mass per cell revealed a 2.6-fold increase in treated cells with respect to control cells ([Figure 1H](#BCJ-476-2463F1){ref-type="fig"}) that clearly exceeded the increment in volume.

Evaluation of mRNA levels of various cytokines and growth factors revealed an increase in interleukins 6 and 18 (*Il-6*, and *Il-18*), chemokine (C-C motif) ligands 2 and 5 (*Ccl2*, *Ccl5*), chemokine (C-X-C motif) ligand 9, 10 and 11 (*Cxcl9*, *Cxcl10*, *Cxcl11*), interleukin 8 homologs *Cxcl1* and *Cxcl2*, tumor necrosis factor α (*Tnfα*), and transforming growth factor β (*Tgfβ*) ([Figure 1I](#BCJ-476-2463F1){ref-type="fig"}). Many of these proteins have already been described as components of the senescent secretome in melanoma \[[@BCJ-476-2463C8],[@BCJ-476-2463C20],[@BCJ-476-2463C21],[@BCJ-476-2463C23]\] confirming the acquisition of a SASP in B16-F1 melanoma cells exposed to TMZ. Cytokine and growth factor gene expression peaked four days after the exposure to the drug ([Figure 1I](#BCJ-476-2463F1){ref-type="fig"}). Together our results show that treatment with TMZ-induced senescence in 60--70% of cells in the culture.

TMZ-induced senescent cells present increased mitochondrial respiration {#s3b}
-----------------------------------------------------------------------

Previous reports by others and us have shown that the induction of senescence can be accompanied by profound changes in energy metabolism that differ greatly depending on the cell type and triggering stimuli \[[@BCJ-476-2463C26],[@BCJ-476-2463C27],[@BCJ-476-2463C29]--[@BCJ-476-2463C32]\]. Thus, we sought to assess mitochondrial function in TMZ-induced senescence in our melanoma cell model.

We measured real-time OCR in intact cells, using a Seahorse XFe24 extracellular flux analyzer (Agilent), before and after the addition of inhibitors and an uncoupler of the respiratory chain and oxidative phosphorylation ([Figure 2A](#BCJ-476-2463F2){ref-type="fig"}). We found that basal respiration (which occurs in the absence of mitochondrial inhibitors and represents the sum of all mitochondrial oxygen-consuming processes) and respiration linked to ATP synthesis (OCR sensitive to the addition of ATP-synthase inhibitor oligomycin) were higher in senescent cells ([Figure 2A,B](#BCJ-476-2463F2){ref-type="fig"}), while ATP-independent respiration (oligomycin-resistant respiration) was not significantly different between cultures ([Figure 2A,B](#BCJ-476-2463F2){ref-type="fig"}). These results suggest that senescent cells synthesize more ATP in the mitochondria than their non-senescent counterparts. The maximum respiration rate, obtained after titration with the mitochondrial uncoupler FCCP, was substantially increased as well in TMZ-treated cells ([Figure 2A,B](#BCJ-476-2463F2){ref-type="fig"}), indicating that senescent melanoma cells might have more mitochondria than non-senescent cells and/or that their mitochondria present increased activity. Finally, an increase in non-mitochondrial OCR could be appreciated in treated cells ([Figure 2B](#BCJ-476-2463F2){ref-type="fig"}), after the addition of antimycin A, which could be due to the increased activity of NADPH oxidases \[[@BCJ-476-2463C62],[@BCJ-476-2463C63]\]. Figure 2.TMZ-induced senescent cells present increased mitochondrial respiration.(**A**) The oxygen consumption rate (OCR) was determined before and following the sequential addition of oligomycin, FCCP and antimycin A (AA) (*n* = 9--10 wells per group). (**B**) The graph shows the respiratory parameters obtained from oxygen consumption rate (OCR) measurements in (A). (**C** and **D**) Respiration was evaluated in permeabilized cells after the sequential addition of (**C**) digitonin/pyruvate/malate, ADP, and rotenone; or (**D**) digitonin/succinate/rotenone, ADP and AA. The tables on the right of each figure show the respiratory control ratio (RCR) for each condition, determined as the ratio between the OCRs after and before the addition of ADP (*n* = 10--15 wells per group). In all figures, results are the mean ± S.D. *T*-tests were performed, *\* P* \< 0.05, *\*\* P *\< 0.001, *\*\*\* P* \< 0.0001.

To evaluate if the increase in respiratory parameters observed in [Figure 2A](#BCJ-476-2463F2){ref-type="fig"} was linked solely to the increase in mass and size of senescent cells, we calculated the coupling efficiency, spare respiratory capacity and RCR ([Table 1](#BCJ-476-2463TB1){ref-type="table"}). These respiratory indexes are determined as ratios between the respiratory rates obtained in different conditions and are therefore internally normalized and independent of cell number or protein mass \[[@BCJ-476-2463C46]\]. The coupling efficiency (ratio between respiration linked to ATP synthesis and basal respiration) was significantly higher in senescent cells than in non-senescent cells ([Table 1](#BCJ-476-2463TB1){ref-type="table"}), indicating that electron transport in mitochondria is more tightly coupled to ADP phosphorylation. The spare respiratory capacity (ratio between the maximum and basal respiration rates) was also higher in treated cells ([Table 1](#BCJ-476-2463TB1){ref-type="table"}), indicating an increase in the ability to respond to energy demands. Finally, the RCR (ratio between maximum and oligomycin-resistant respiration rates) was higher in senescent than non-senescent cells ([Table 1](#BCJ-476-2463TB1){ref-type="table"}) in agreement with an overall enhancement of mitochondrial function upon the induction of senescence. Table 1Mitochondrial respiratory ratios of senescent cellsRespiratory ratiosControlTMZCoupling efficiency0.67 ± 0.040.77 ± 0.03 \*\*\*Spare respiratory capacity1.6 ± 0.23.4 ± 0.7 \*\*\*Respiratory control ratio4.9 ± 0.715 ± 4 \*\*\*Coupling efficiency, spare respiratory capacity and respiratory control rate were calculated from OCR measurements in [Figure 2A](#BCJ-476-2463F2){ref-type="fig"}. Results are the mean ± S.D. (*n* = 9--10 wells per group). *T*-test *\*\*\* P* \< 0.0001.

We also normalized OCR by protein content (Supplementary Figure S2A), to verify if the increase in respiration rate per cell was only due to an increase in mitochondrial content that accompanied the increase in cell size and mass observed in [Figure 1](#BCJ-476-2463F1){ref-type="fig"}. As shown in Supplementary Figure S2A, the maximum respiration rate was higher in TMZ-treated cells than control cells, showing that the increase in mitochondrial function surpasses the increase in cell mass.

To rule out that the differences in respiration rates were due to the changes in catabolic routes upstream from mitochondria (e.g. glucose uptake and glycolysis), we measured oxygen consumption in permeabilized cells ([Figure 2C,D](#BCJ-476-2463F2){ref-type="fig"}). The plasma membrane was permeabilized, without affecting the mitochondrial membrane, by the controlled addition of digitonin \[[@BCJ-476-2463C47]\]. Mitochondrial respiration in state 2 was obtained by providing specific substrates for mitochondrial complexes: pyruvate and malate for complex I and succinate for complex II. Respiration in state 3 was determined after the addition of ADP. State 3 respiration and RCRs were significantly higher in senescent than non-senescent cells, for both complex I and II substrates (Tables in [Figure 2C,D](#BCJ-476-2463F2){ref-type="fig"}). These results indicate that mitochondria of senescent cells exhibit enhanced electron transport and coupling and consequently are more efficient in terms of harnessing the energy released during substrate oxidation to synthesize ATP than mitochondria from control cells.

TMZ-induced senescence in melanoma reduces glucose catabolism to lactate {#s3c}
------------------------------------------------------------------------

In the light of the prominent increase in mitochondrial function, we reasoned that the main catabolic pathways would probably change upon the induction of senescence. We looked for alterations in the glycolytic pathway by measuring the ECAR. As lactate is excreted from the cell in co-transport with H^+^, a decrease in extracellular pH can indicate an increase in glucose catabolism to lactate \[[@BCJ-476-2463C49]\]. Basal ECAR of control cells was higher than that of senescent cells ([Figure 3A,C](#BCJ-476-2463F3){ref-type="fig"}). To discriminate acidification due to lactate formation from that caused by other acids, we determined the fraction of basal extracellular acidification that was sensitive to a pharmacological inhibitor of hexokinase, (2-deoxyglucose, 2-DG), and of lactate dehydrogenase (oxamate) ([Figure 3B,D](#BCJ-476-2463F3){ref-type="fig"}, respectively). The addition of 2-DG \[[@BCJ-476-2463C49]\] significantly reduced ECAR in both senescent and non-senescent cells ([Figure 3A](#BCJ-476-2463F3){ref-type="fig"}). In fact, a relevant fraction of the acidification rate (\>0.70) was sensitive to the hexokinase inhibitor in both conditions ([Figure 3B](#BCJ-476-2463F3){ref-type="fig"}). Conversely, the addition of oxamate \[[@BCJ-476-2463C49]\] decreased the ECAR of control cells, but had practically no effect in that of senescent cells ([Figure 3C,D](#BCJ-476-2463F3){ref-type="fig"}). Overall, our results suggest that although glucose catabolism is a prominent pathway in both conditions, the conversion of pyruvate to lactate only occurs in control cells, while in senescent cells it is substituted by mitochondrial catabolic pathways. Figure 3.Reduction in glucose catabolism to lactate in TMZ-induced senescence.The ECAR was evaluated before and after the addition of (**A**) 2-deoxyglucose (2-DG) or (**C**) oxamate. (**B** and **D**) The fraction of basal extracellular acidification sensitive to 2-DG (**B**) or oxamate (**D**), respectively, was calculated as described in the Experimental section (*n* = 10 wells per group). Results are the mean ± S.D. *T*-tests were performed, *\* P* \< 0.05, *\*\* P *\< 0.001, *\*\*\* P* \< 0.0001.

TMZ-induced senescent cells present increased mitochondrial content and biogenesis {#s3d}
----------------------------------------------------------------------------------

To better understand the alterations in mitochondrial function that accompany the induction of senescence in melanoma cells, we used MitoTracker Green FM, a fluorescent probe that accumulates in mitochondria of living cells regardless of mitochondrial membrane potential. We performed flow cytometry assays and observed that senescent cells exhibited an increase in fluorescence intensity relative to control cells ([Figure 4A](#BCJ-476-2463F4){ref-type="fig"}), indicative of an increase in mitochondrial content per cell. Figure 4.TMZ-induced senescent cells present increased mitochondrial content and length.(**A**) Cells were stained with the mitochondrial fluorescent probe MitoTracker Green FM and mitochondrial mass was determined by flow cytometry. Geometrical mean fluorescence intensity of the cell population, relative to control values is shown (*n* = 3 culture dishes per group). (**B**) MtDNA/nDNA ratio was assessed by real-time PCR. Results are expressed relative to the control condition (*n* = 7 culture dishes per group). (**C**) Citrate synthase activity was measured and normalized by 10^6^ cells (*n* = 6 culture dishes per group). (**D**) Real-time RT-PCR was performed for PGC-1α expression. Results are expressed relative to the control condition (*n* = 3 culture dishes per group). (**E**) Representative western blots were performed with antibodies for TFAM and tubulin. (**F**) TFAM protein levels were quantified, from E, and normalized using tubulin as loading control (*n* = 7 culture dishes per group). Results are expressed relative to control condition. (**G**) Representative images of living cells stained with MitoTracker Green FM and analyzed by the confocal microscopy (×630) (*n* = 6 slides per condition were assessed). Magnified images of the boxed regions are shown below. Average mitochondrial length is shown below the pictures (*n* = 6 slides per group). (**H**) Frequency distribution analysis of mitochondrial length from images like those presented in (**G**). Statistical analysis included contingency tables and a Chi-square test (*P* \< 0.0001). (**I**) Representative electron transmission microscopy images obtained at ×20 000 (top) and ×50 000 (bottom). The bottom images are the magnified images of the boxed region. Average mitochondrial length is shown below the pictures (*n* = 3 culture dishes per condition). Results are the mean ± S.D. *T*-tests were performed, *\* P* \< 0.05, *\*\* P* \< 0.001.

To confirm the increase in mitochondrial content in senescent cells, we measured the mtDNA/nDNA ratio \[[@BCJ-476-2463C64]\] and the activity of citrate synthase per 10^6^ cells, a constitutive enzyme present in the mitochondrial matrix \[[@BCJ-476-2463C65]\]. A threefold increase in both parameters could be appreciated in senescent cells with respect to control cells ([Figure 4B,C](#BCJ-476-2463F4){ref-type="fig"}). However, when citrate synthase activity was normalized by total cell protein content (mg), no differences were observed between the two conditions (control 0.17 ± 0.01 U/mg versus TMZ 0.15 ± 0.01 U/mg, *n* = 3), implying that the increase in mitochondrial mass accompanies the overall increase in cell protein mass. Similar results were obtained when equal quantities of cell proteins were resolved and blots performed with antibodies against subunits of the respiratory complexes: No differences were observed in protein levels relative to tubulin levels for most mitochondrial proteins (Supplementary Fig. S2B,C), confirming that the increase in mitochondrial mass encompasses the overall increase in mass of senescent cells. An exception was found for subunit II of complex IV, which is coded by mtDNA and presented a decrease in protein levels (Supplementary Fig. S2B,C).

We also looked into the proliferator-activated receptor gamma co-activator-1 (PGC-1) family, which is known to play a relevant role in the transcriptional control of mitochondrial biogenesis and respiratory function \[[@BCJ-476-2463C66],[@BCJ-476-2463C67]\]. The increase in mitochondrial mass and mtDNA/nDNA ratio in senescent cells was accompanied by a twofold increase in PGC-1α mRNA ([Figure 4D](#BCJ-476-2463F4){ref-type="fig"}) and a significant rise in mitochondrial transcription factor A (TFAM) levels ([Figure 4E,F](#BCJ-476-2463F4){ref-type="fig"}), while PGC-1β mRNA remained unchanged (control cells 1.0 ± 0.3 versus TMZ cells 1.1 ± 0.3, *n* = 3). These observations suggest that TMZ-induced senescence in melanoma might be accompanied by an activation of mitochondrial biogenesis.

TMZ-induced senescent cells present increased mitochondrial length {#s3e}
------------------------------------------------------------------

We then assessed mitochondrial morphology, by confocal microscopy, in cells stained with MitoTracker Green FM. Analysis of the images revealed that control cells presented mostly short rounded mitochondria, while elongated and more tubular mitochondria accumulated in senescent melanoma cells, and an increase in mitochondrial length could be determined by measuring mitochondria located in the periphery of the cell ([Figure 4G](#BCJ-476-2463F4){ref-type="fig"}). Frequency distribution analysis of mitochondrial length revealed that smaller mitochondria (\<0.5 µm) were more abundant in control cells with respect to senescent cells. While long mitochondria (\>4.5 µm) were mostly found in treated cells ([Figure 4H](#BCJ-476-2463F4){ref-type="fig"}), the Chi-square test for distribution analysis indicated significant differences (*P* \< 0.0001) between the two groups. Analysis of images obtained by transmission electron microscopy confirmed the increase in length of mitochondria from senescent cells with respect to control cells ([Figure 4I](#BCJ-476-2463F4){ref-type="fig"}).

Alterations in mitochondrial fusion in TMZ-induced senescence {#s3f}
-------------------------------------------------------------

To better characterize the molecular events behind mitochondrial elongation in senescent cells, we analyzed the proteins involved in mitochondrial fusion and fission. A significant increment in mRNA and protein level of fusion proteins MFN1 and MFN2 was observed in senescent cells ([Figure 5A--C](#BCJ-476-2463F5){ref-type="fig"}). No differences were observed in fission proteins, OPA1 and DRP1; however, a significant decrease in FIS1 and in MFF was detected in TMZ-treated cells with respect to control cells ([Figure 5A,B](#BCJ-476-2463F5){ref-type="fig"}). Of note, western blot with the antibody against MFF revealed the presence of several bands with molecular mass between 25 and 35 KDa; in agreement with previous reports by others that show that MFF presents several isoforms and posttranslational modifications \[[@BCJ-476-2463C68]--[@BCJ-476-2463C72]\]. The decrease in FIS1 and MFF protein levels was not accompanied by a decrease in mRNA ([Figure 5C](#BCJ-476-2463F5){ref-type="fig"}). Figure 5.Increase in mitochondrial fusion in TMZ-induced senescence.(**A**) Representative western blots for mitochondrial fusion and fission proteins MFN1, MFN2, OPA1, DRP1, FIS1, MFF, SDHA and tubulin as loading control (*n* = 3 culture dishes per group). (**B**) Protein levels in independent western blots were quantified by densitometry and normalized using tubulin as loading control. Results are expressed relative to control condition (*n* = 3--10 culture dishes per group). (**C**) Real-time RT-PCR was performed for *Mfn1*, *Mfn2*, *Fis1* and *Mff*. Results are expressed relative to the control condition (*n* = 3 culture dishes per group). (**D**) Representative images of colocalization of SDHA (red) and DRP1 (green). DAPI (blue) were used to stain the nuclei. Pearson correlation coefficients were 0.40 ± 0.02 for control, and 0.34 ± 0.02 for TMZ (*P* \< 0.05, *n* = 4 coverslips per group). Enhanced images of the boxed regions (gray rectangle) are shown in the lower panel. (**E**) Representative western blot for DRP1, SDHA and tubulin in subcellular fractions enriched in mitochondria or cytosol. Results are the mean ± S.D. *T*-tests were performed, *\* P* \< 0.05, *\*\*\* P* \< 0.0001.

Mitochondrial fission requires the recruitment of DRP1 to the outer mitochondrial membrane and MFF is considered the principal recruitment factor \[[@BCJ-476-2463C70],[@BCJ-476-2463C73],[@BCJ-476-2463C74]\]. Thus, we assessed if the translocation of DRP1 to the mitochondria was affected. DRP1 colocalization with subunit A of the mitochondrial protein succinate dehydrogenase (SDHA) was slightly lower in senescent than non-senescent cells (Pearson correlation coefficients for control 0.40 ± 0.02 and TMZ 0.34 ± 0.02, *P* \< 0.05) ([Figure 5D](#BCJ-476-2463F5){ref-type="fig"}). However, subcellular fractionation did not show significant differences in DRP1 content in mitochondria from treated and untreated cells ([Figure 5E](#BCJ-476-2463F5){ref-type="fig"}).

Altogether, these results suggest that the increase in mitochondrial length, observed in senescent cells, is due to an increase in fusion events mediated by MFN 1 and 2.

Alterations in mitochondrial function are specifically associated to the induction of senescence {#s3g}
------------------------------------------------------------------------------------------------

Since exposure to TMZ leads to the appearance of senescent markers in many but not all of the cells in the culture ([Figure 1](#BCJ-476-2463F1){ref-type="fig"}), and because electron transport chain activity is increased in TMZ resistance in glioma cells \[[@BCJ-476-2463C75]\], we wondered if the increase in mitochondrial function was linked specifically to the induction of senescence or mainly a consequence of TMZ treatment.

We took advantage of the difference in cell size and granularity between senescent and non-senescent cells to sort TMZ-treated cells into two populations. Following the same criteria as in [Figure 1F](#BCJ-476-2463F1){ref-type="fig"}, cells were separated in two groups: large and more granular cells (TMZ (Large)) and smaller and less granular cells (TMZ (Small)) ([Figure 6A](#BCJ-476-2463F6){ref-type="fig"}). Control cells were mainly small and with low granularity and very few large complex cells could be found in the culture. Measurement of SA-β-gal activity confirmed the enrichment of senescent cells in TMZ (Large) population compared with TMZ (Small) ([Figure 6B](#BCJ-476-2463F6){ref-type="fig"}). The analysis of mitochondrial OCR showed that TMZ (Large) cells had substantially higher basal, ATP-dependent, maximum and non-mitochondrial respiration rates ([Figure 6C](#BCJ-476-2463F6){ref-type="fig"}) than control and TMZ (Small) cells. They also had higher coupling efficiency, spare capacity, and RCRs ([Table 2](#BCJ-476-2463TB2){ref-type="table"}). Therefore, senescent cells were the main population responsible for the increase in mitochondrial OCR observed after treatment with TMZ. Nevertheless, a small but significant increase in coupling efficiency could be found in TMZ-treated non-senescent cells (TMZ (Small)) when compared with control cells ([Table 2](#BCJ-476-2463TB2){ref-type="table"}), which requires further exploration. Figure 6.Isolation of senescent cells by cell sorting and analysis of mitochondrial function and dynamics.TMZ-treated cells were separated by cell sorting. (**A**) Representative dot plots show the regions selected to separate two populations of TMZ-treated cells: larger and granular senescent cells (Large) from smaller and less granular non-senescent cells (Small). The gating for selection of small and large cells was set up using the corresponding control and TMZ-treated cultures. (**B**) Quantification of SA-β-gal activity assay assessed after cell sorting (*n* = 3 culture dishes per condition). (**C**) Respiratory parameters were obtained, as described in [Figure 2](#BCJ-476-2463F2){ref-type="fig"} (*n* = 18--21 wells per group). (**D**) Living cells were stained with the MitoTracker Green FM and analyzed by confocal microscopy (×630). Representative images and magnified images of the boxed regions (white rectangle) are shown. Average mitochondrial length is shown below the pictures (*n* = 3--6 slides per group). (**E**) Frequency distribution analysis of mitochondrial length from samples in (**D**). Statistical analysis included contingency tables and a Chi-square test (*P* \< 0.0001). Results are the mean ± S.D. One-way ANOVA and Tukey post hoc tests were performed; groups with different letters or an asterisk are significantly different (*P* \< 0.05). Table 2Mitochondrial respiratory ratios of senescent cells separated by cell sortingRespiratory ratiosControlTMZ (Large)TMZ (Small)Coupling efficiency0.49 ± 0.06^c^0.71 ± 0.05^a^0.56 ± 0.03^b^Spare respiratory capacity1.5 ± 0.2^b^3.2 ± 1.0^a^1.9 ± 0.5^b^Respiratory control ratio3.0 ± 0.6^b^12 ± 6^a^4 ± 1^b^Coupling efficiency, spare respiratory capacity and respiratory control rate were calculated from OCR measurements in [Figure 6C](#BCJ-476-2463F6){ref-type="fig"}. Results are the mean ± S.D. (*n* = 18--21 wells per group). One-way ANOVA showed significant differences between groups for the three respiratory ratios (*P* \< 0.0001). For multiple comparisons Tukey post-hoc tests were performed, groups with different letters (a, b or c) are significantly different from each other (*P* \< 0.0001) in all cases.

Confocal evaluation of sorted cells stained with MitoTracker Green FM showed that mean mitochondrial length was significantly higher in TMZ (Large) cells than in control cells (TMZ (Large) 1.8 ± 0.2 µm versus control 0.97 ± 0.09 µm, *n* = 3--6, *P* \< 0.0001) and TMZ (Small) cells ([Figure 6D](#BCJ-476-2463F6){ref-type="fig"}). Frequency distribution analysis of mitochondrial length showed that short mitochondria (\<0.5 µm) were clearly more abundant in control than in TMZ-treated cells (both Large and Small). While long mitochondria (\>4.5 µm) were mostly found in TMZ (Large) cells ([Figure 6E](#BCJ-476-2463F6){ref-type="fig"}), they could be considered as a characteristic of senescent cells. Similar results were obtained for mitochondrial mass, which was also higher in TMZ (Large) cells than TMZ (Small) cells (TMZ (Large) 1.00 ± 0.06 versus TMZ (Small) 0.27 ± 0.05, *n* = 3, *P* \< 0.0001).

Evaluation of mitofusin expression in sorted cells revealed that mRNA levels of MFN1 and 2 of TMZ (Large) cells were significantly higher than those of control cells (MFN1: control 1 ± 0.1 versus TMZ (Large) 2.0 ± 0.7, *n* = 6--7, *P* \< 0.01; MFN2: control 1 ± 0.1 versus TMZ (Large) 2.1 ± 0.8, *n* = 6--7, *P* \< 0.05). But, no significant differences were found between TMZ (Small) and control cells. In sum, our results point towards mitochondrial changes in size, mass and function being characteristics of senescent cells.

Silencing of Mfn1 and 2 impacts on the SASP {#s3h}
-------------------------------------------

To further understand whether the observed changes in mitochondrial morphology and function contributed to the phenotype of senescent cells, we transduced melanoma cells with lentiviral particles carrying shRNA targeting *Mfn1* or *Mfn2*, or scrambled shRNA (Scr), and selected with puromycin, prior to the treatment with either DMSO or TMZ.

Stable genetic inhibition of *Mfn2* ([Figure 7A--C](#BCJ-476-2463F7){ref-type="fig"}) did not significantly reduce the average mitochondrial length of DMSO or TMZ-treated cells (Supplementary Fig. S3A). However, frequency distribution of the population revealed that *Mfn2* silencing resulted in an increase in small mitochondria (\<0.5 µm) with respect to control (Scr) cells and precluded the formation of long mitochondria (\>4.5 µm) in response to treatment with TMZ ([Figure 7D,E](#BCJ-476-2463F7){ref-type="fig"}). Significant differences were found between the distributions upon Chi-square test analysis (*P* \< 0.0001). Figure 7.Mitofusin 2 silencing affects mitochondrial size and function and reduces IL-6 secretion in TMZ-induced senescence cells.Melanoma cells were transduced with lentiviral particles carrying short hairpin (shRNA) targeting *Mfn2*, or scrambled shRNA (Scr), and selected with puromycin, prior to treatment with DMSO or TMZ. (**A**) Real-time RT-PCR for *Mfn2* (*n* = 4--5 culture dishes per group). Results were expressed relative to the condition Scr - DMSO. (**B**) Representative western blots for MFN2 and tubulin. (**C**) Quantification of protein levels in western blots is shown in (**B**). MFN2 was normalized using tubulin as loading control and results were expressed relative to control condition (Scr) (*n* = 3 culture dishes per group). (**D**) Representative images of living cells stained with MitoTracker Green FM and analyzed by confocal microscopy (×630). (**E**) Frequency distribution analysis of mitochondrial length from samples like those shown in (**D**). Statistical analysis included contingency tables and a Chi-square test (*P* \< 0.0001). (**F**) Respiratory parameters obtained as described in [Figure 2](#BCJ-476-2463F2){ref-type="fig"} (*n* = 5--10 wells per group). Main effects of treatment, shRNA and their interaction respectively for: basal OCR (*P* \< 0.0001, *P* = 0.24, *P* \< 0.05); ATP dependent OCR (*P* \< 0. 0001, *P* = 0.36, *P* \< 0.05); maximum OCR (*P* \< 0.0001, *P* \< 0.05, *P* \< 0.0001). (**G**) Quantification of SA-β-gal positive cells (*n* = 3--6 wells per group). Main effects of treatment (*P* \< 0.0001), shRNA (*P* = 0.99) and interaction (*P* \< 0.05). (**H**) IL-6 secretion levels were analyzed by ELISA (*n* = 5--6 wells per group). Main effects of treatment (*P* \< 0.0001), shRNA (*P* \< 0.001) and interaction (*P* \< 0.001). *T*-tests were performed in (**A**) and (**C**) *\* P* \< 0.05, *\*\*\* P* \< 0.0001. Statistical significance of main effects of treatment, shRNA and their interaction, were determined by two-way ANOVA, and Tukey post hoc for multiple comparisons in figures **F**--**H**; groups with different letters are significantly different (*P* \< 0.05). In all graphs results are the mean ± S.D.

Targeting of *Mfn2* did not affect mitochondrial respiratory parameters of cells treated with vehicle; but resulted in a decrease in basal, ATP-dependent and maximum respiration of TMZ-treated cells ([Figure 7F](#BCJ-476-2463F7){ref-type="fig"}). These results suggest mitochondrial fusion might be involved in the increase in mitochondrial bioenergetics, observed in senescent cells. Flow cytometry analysis of MitoTracker Green FM fluorescence showed that after exposure to TMZ, the increase in mitochondrial mass was 30% higher in cells where *Mfn2* was silenced than in those where it was not (Scr) (Supplementary Fig. S3B). These results further support that *Mfn2* silencing impacts negatively on mitochondrial function, since it inhibits respiration in spite of the increase in mitochondrial mass.

We then explored if *Mfn2* silencing affected the induction of senescence. Our results show that decreased levels of *Mfn2* did not reduce the percentage of SA-β-gal positive cells ([Figure 7G](#BCJ-476-2463F7){ref-type="fig"}); or affect proliferation arrest in the TMZ-treated culture (Supplementary Fig. S3C); yet resulted in a significant inhibition of interleukin 6 (IL-6) secretion by TMZ-treated cells, without affecting the DMSO-treated culture ([Figure 7H](#BCJ-476-2463F7){ref-type="fig"}).

Similar results were obtained after inhibition of *Mfn1* expression ([Figure 8A,B](#BCJ-476-2463F8){ref-type="fig"}). Average mitochondrial length of cells treated with DMSO or TMZ was not affected by *Mfn1* silencing (Supplementary Fig. S3D). Yet, analysis of the frequency distribution revealed an important increase in small mitochondria (\<1 µm) in untreated cells where *Mfn1* had been silenced, with respect to control (Scr) cells. Besides the decrease in MFN1 levels prevented the formation of long mitochondria (\>4.5 µm) upon treatment with TMZ ([Figure 8C,D](#BCJ-476-2463F8){ref-type="fig"}) and significant differences between distributions could be found by the Chi-square test analysis (*P* \< 0.0001). Figure 8.Mitofusin 1 silencing affects mitochondrial size and reduces IL-6 secretion of TMZ-induced senescence cells.Melanoma cells were transduced with lentiviral particles carrying short hairpin (shRNA) targeting *Mfn1*, or scrambled shRNA (Scr), and selected with puromycin, prior to the treatment with either DMSO or TMZ. (**A**) Real-time RT-PCR for *Mfn1* (*n* = 4--5 culture dishes per group). Results were expressed relative to the condition Scr - DMSO. (**B**) Representative images of MFN1 staining with an anti-MFN1 antibody (green) and DAPI (blue) to stain the nuclei, obtained by immunocytochemistry and epifluorescence microscopy (×1000). (**C**) Living cells were stained with MitoTracker Green FM and analyzed by confocal microscopy (×630). (**D**) Frequency distribution analysis of mitochondrial length from samples in (**C**). Statistical analysis included contingency tables and a Chi-square test (*P* \< 0.0001). (**E**) Quantification of SA-β-gal positive cells (*n* = 3--6 wells per group). Main effects of treatment (*P* \< 0.0001), shRNA (*P* \< 0.0001) and interaction (*P* \< 0.0001). (**F**) IL-6 secretion was analyzed by ELISA (*n* = 3--6 wells per group). Main effects of treatment (*P* \< 0.0001), shRNA (*P* \< 0.0001) and interaction (*P* \< 0.0001). *T*-test was performed in (**A**) *\*\*\* P* \< 0.0001. Statistical significance of main effects of treatment, shRNA and their interaction, were determined by two-way ANOVA, and Tukey post hoc for multiple comparisons (**E** and **F**), groups with different letters are significantly different (*P* \< 0.05). Results are the mean ± S.D.

Surprisingly, the decrease in MFN1 levels did not significantly affect mitochondrial respiration of DMSO or TMZ-treated cells (Supplementary Fig. S3E). Flow cytometry analysis of MitoTracker Green FM fluorescence showed that after exposure to TMZ, the increase in mitochondrial mass was 50% higher in cells where *Mfn1* was silenced than in those where it was not (Scr) (Supplementary Fig. S3F), and might explain the absence of changes on mitochondrial OCRs. Nevertheless, assessment of markers of senescence revealed that the decrease in MFN1 levels reduced the percentage of SA-β-gal positive cells and the secretion of IL-6 in the TMZ-treated culture without affecting non-treated cells ([Figure 8E,F](#BCJ-476-2463F8){ref-type="fig"}).

To check for off-target effects, a second shRNA was used to silence *Mfn1* expression. Similar results were obtained with this construct, which resulted in a decrease in mitochondrial length and in IL-6 secretion in TMZ-treated cells; while OCRs remained unchanged (Supplementary Fig. S4).

Altogether these results suggest that mitofusins mediate the increase in mitochondrial length and size; and appear to be required for acquisition of the senescent-associated secretory phenotype in TMZ-induced senescence in melanoma cells.

Discussion {#s4}
==========

This work focused in the study of energy metabolism of senescent cells in a model of therapy-induced senescence in melanoma. With this aim, we induced senescence in mouse melanoma cells by exposure to the genotoxic TMZ. About 60--70% of the culture became senescent after treatment and acquired a SASP composed of cytokines and growth factors. Induction of senescence was dependent on the activation of the p53/p21 pathway; in agreement with previous reports \[[@BCJ-476-2463C11]\].

Senescent cells underwent important bioenergetic alterations. While melanoma B16-F1 cells presented a highly glycolytic energy metabolism, where glucose was converted to lactate, senescent cells had reduced lactate formation and increased mitochondrial function. In senescent cells, respiration was augmented, electron transport was better coupled to ATP synthesis and mitochondria were more prepared to face increases in energy demands. The increase in mitochondrial respiration rates surpassed the changes in cell mass. Thus, induction of senescence resulted in a reversal of the Warburg effect and activation of oxidative phosphorylation, in consonance with the decrease in proliferation \[[@BCJ-476-2463C76]--[@BCJ-476-2463C78]\].

Although mitochondrial dysfunction has been observed in certain models of senescence \[[@BCJ-476-2463C30]--[@BCJ-476-2463C32]\], and can *per se* induce senescence \[[@BCJ-476-2463C79]\], it is not a characteristic of senescent cells. In fact, our results show that in melanoma cells undergoing TMZ-induced senescence, mitochondria are not dysfunctional, on the contrary they present high activity, evidenced by the increase in respiration rates and indexes, such as coupling efficiency, spare respiratory capacity and RCR. Moreover, a similar increase in mitochondrial function was observed in oncogene- induced senescent cells \[[@BCJ-476-2463C27]\].

The increment in mitochondrial mass could account for part of the alterations in mitochondrial respiration observed in senescent melanoma cells. Increased expressions of PGC-1α and TFAM were observed upon induction of senescence. PGC-1α promotes the expression of several proteins involved in respiration and of TFAM, a direct regulator of mitochondrial DNA replication and transcription \[[@BCJ-476-2463C66],[@BCJ-476-2463C67]\]. Besides, PGC-1α is known to promote mitochondrial biogenesis in several physiological settings including cancer \[[@BCJ-476-2463C35],[@BCJ-476-2463C80]\] and might be behind the increase in mitochondrial mass in our model. Changes in mitophagy might play a role as well, but were not investigated in this opportunity. Interestingly, FIS1, which has been implied in the coupling of mitochondrial fission and mitophagy \[[@BCJ-476-2463C81]\], had lower protein levels in senescent than non-senescent cells. Although an increase in mtDNA was observed in senescent cells, a decrease in protein levels of subunit II of Complex IV was observed, which might be due to increased degradation \[[@BCJ-476-2463C82]\]. Subunit II forms part of the functional core of the complex that catalyzes the reduction in oxygen to water \[[@BCJ-476-2463C83]\], yet its decrease did not prevent senescent cells from presenting high respiration rates. These results are in agreement with reports showing that the activity of Complex IV exceeds what is required to sustain respiration, and might not be the limiting step controlling respiration rate \[[@BCJ-476-2463C84],[@BCJ-476-2463C85]\].

In addition to an increase in mass, an increase in mitochondrial length accompanied the induction of senescence, and was associated with an increase in fusion proteins MFN1 and 2. Although a decrease in fission-related proteins MFF and FIS1 could be observed after treatment, the translocation of DRP1 to mitochondria remained practically unchanged. Suggesting an increase in fusion events, mediated by an increase in mitofusins levels, as the main responsible of changes in mitochondrial length. PGC-1α can regulate *Mfn2* gene expression \[[@BCJ-476-2463C86]\], and might play a role in this setting. Longer and more interconnected mitochondria have been reported to present higher levels of oxidative phosphorylation than small, fragmented mitochondria \[[@BCJ-476-2463C31],[@BCJ-476-2463C87]--[@BCJ-476-2463C90]\]. Yet the relation between mitochondrial morpholgy and fuction is complex, and similar alterations in morphology (e.g. fragmentation or filamentation) can have different outcomes depending on the cell type and physiological context. \[[@BCJ-476-2463C38],[@BCJ-476-2463C91],[@BCJ-476-2463C92]\].

An increase in mitocondrial length, due to changes in fusion and fission, had also been observed in senescence induced by desferrioxamine and hydrogen peroxide in fibroblasts \[[@BCJ-476-2463C93]\], although mitochondrial respiration was not measured and the mtDNA/nDNA ratio decreased in this model. Besides, an interesting report showed that FIS1 depletion increased mitochondrial length and ROS-mediated activation of the DNA damage response, leading to the induction of senescence \[[@BCJ-476-2463C94]\] in Chang cells.

Increased levels of proteins involved in oxidative phosphorylation and respiration \[[@BCJ-476-2463C34]\] can also be found in slow-cycling melanoma cells that are highly resistant to cytotoxic therapies. These reports raised the possibility that the increase in mitochondrial function was linked to the decrease in proliferation rates*.* However, quiescent fibroblasts, with a reversible arrest in proliferation \[[@BCJ-476-2463C95]\], present lower and more uncoupled mitochondrial respiration rates than their proliferating counterparts; along with increased fragmentation of the mitochondrial network and lower levels of MFN1 and 2 \[[@BCJ-476-2463C90]\]. Decreased mitochondrial potential and mass were reported in quiescent glioblastoma cells from tumor spheroids \[[@BCJ-476-2463C96]\]; and mitochondrial fragmentation and a donut phenotype was observed in quiescent glioblastoma stem-like cells \[[@BCJ-476-2463C97]\]. Thus, although an increased mitochondrial function might be a common characteristic of cells surviving treatment with genotoxic agents, it does not appear to be linked to proliferation arrest *per se*.

To investigate if the changes in mitochondrial shape and function played a role in senescence, we silenced *Mfn1* and *Mfn2* expression. The decrease in mitofusin levels prevented the formation of long mitochondria in TMZ-treated cultures, and in the case of MFN2 also impacted respiration rates of treated cells. Silencing of either *Mfn1* or *Mfn2* inhibited the secretion of the proinflammatory cytokine IL-6 in TMZ-induced senescent cells, and a reduction in the percentage of senescent cells in the culture was also observed. Altogether, our observations support that the increase in mitochondrial fusion versus fission processes might be responsible for the increase in electron transport chain activity and appears to play a role maintaining the senescent phenotype, in particular the SASP. However, the fact that in cells with low MFN1 IL-6 secretion was affected, but not OCRs, indicates that lack of ATP might not be the event behind the inhibition of interleukin synthesis and secretion. MFN2 modulates the association between mitochondria to the endoplasmic reticulum, where IL-6 and other components of the SASP are synthesized \[[@BCJ-476-2463C98]\]. Besides, it has been reported to participate in NLRP3 inflammosome activation and secretion of IL-1β in macrophages \[[@BCJ-476-2463C99]\] and the inflammosome is known to control the SASP in oncogene-induced senescence \[[@BCJ-476-2463C100]\]. We aim to explore these pathways in therapy-induced senescence, in future investigations to further understand the mechanisms behind mitofusin regulation of the secretome.

Senescence is one of the outcomes of chemotherapy, radiotherapy and targeted therapies in melanoma \[[@BCJ-476-2463C10],[@BCJ-476-2463C12],[@BCJ-476-2463C20],[@BCJ-476-2463C23]\]; and through proliferation arrest or the SASP can exert effects on cancer progression. The senescent secretome can affect tumor cell proliferation and migration, the immune response to the tumor, the extracellular matrix and angiogenesis \[[@BCJ-476-2463C17],[@BCJ-476-2463C18]\]. However, the detrimental or benefic effects of the SASP in cancer depend on the cell type undergoing senescence, the senescence inducer, the tissue where the secreted factors exert their effect and the timing \[[@BCJ-476-2463C17],[@BCJ-476-2463C18],[@BCJ-476-2463C101]\]. Conflicting results can be found in melanoma, where CCL2 and IL-6 secreted by therapy-induced senescent cells promote tumor formation, invasiveness and resistance to apoptosis \[[@BCJ-476-2463C8],[@BCJ-476-2463C21]\]. But, CCL5 formed during therapy-induced senescence recruit leukocytes inhibiting melanoma tumor growth \[[@BCJ-476-2463C23]\]. Thus, further research is required to establish the positive or negative effects of therapy-induced senescence in melanoma.

Although the impact of senescent cells arising during chemotherapy on tumor progression is not completely elucidated, pharmacological approaches targeting senescent cells and the SASP are being explored. These have led to the development of senolytics, drugs that promote selective death of senescent cells \[[@BCJ-476-2463C17],[@BCJ-476-2463C102]\]; as well as senomorphics, drugs that reduce the SASP without inducing cell death \[[@BCJ-476-2463C101]\]. Reports show synergy between senolytics and chemotherapeutics killing cancer cells \[[@BCJ-476-2463C19],[@BCJ-476-2463C103]\], Results presented herein, along with previous reports showing that inhibition of mitochondrial energy metabolism decreases the secretion of proinflammatory cytokines \[[@BCJ-476-2463C27],[@BCJ-476-2463C104]\], indicate that mitochondria constitute an appealing pharmacologic target to modulate the SASP.

Our results provide an in-depth assessment of mitochondrial function in senescent cells, and identify mitochondrial fusion proteins, mitofusins, as plausible pharmacological targets to modulate the SASP. These results contribute to understand metabolic adaptations in therapy-induced senescence and provide insight for the design of senolytics and senomorphics targeting mitochondrial energy metabolism and dynamics. However, further studies are required to provide mechanistic insights both on the regulation of mitofusin expression in senescence; and their role in the synthesis and secretion of IL-6 and other components of the SASP.
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2-DG

:   2-deoxyglucose

AA

:   antimycin A

ATM

:   ataxia-telangiectasia mutated kinase

BCA

:   bicinchoninic acid

Brdu

:   bromodeoxyuridine

CB

:   cacodylate buffer

DAPI

:   4′,6-diamidino-2-phenylindole

DMEM

:   Dulbecco\'s modified Eagle\'s medium

DMSO

:   dimethyl sulfoxide

DRP1

:   dynamin-related protein 1

ECAR

:   extracellular acidification rate

FCCP

:   carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone

FIS1

:   mitochondrial fission 1 protein

IL-6

:   interleukin 6

MFF

:   mitochondrial fission factor

MFN1

:   mitofusin 1

MFN2

:   mitofusin 2

OCR

:   oxygen consumption rate

OPA1

:   optic atrophy protein 1 homolog

p16-INK4

:   cyclin-dependent kinase inhibitor 2A

p21

:   cyclin-dependent kinase inhibitor 1

PGC-1

:   proliferator-activated receptor gamma co-activator-1

pRb

:   retinoblastoma protein

RCR

:   respiratory control ratio

ROS

:   reactive oxygen species

SASP

:   senescence-associated secretory phenotype

SA-β-gal

:   senescence associated β-galactosidase

Scr

:   scrambled shRNA

SDHA

:   succinate dehydrogenase subunit A

shRNA

:   short hairpin RNA

TFAM

:   mitochondrial transcription factor A

TMZ

:   temozolomide

γ-H2AX

:   phosphorylated histone H2AX

Author Contribution {#s6}
===================

C.Q., C.A. and J.M. conceived, designed and analyzed most of the experiments. M.M. designed the RT-qPCR primers and experiments. J.M. performed most of the experiments. D.T. obtained plasmids, prepared lentiviral particles and contributed to all experiments with shRNA. I.M. performed western blots and maintained tissue cultures. S.R.B., L.M.P. and P.C. contributed to obtain and analyze confocal microscopy images. G.C. obtained the transmission electron microscopy images. S.V. and M.B.F. performed and designed the cellular sorting, respectively. M.B. and C.E. measured IL-6 secretion. J.M. and C.Q. and wrote the manuscript. All authors reviewed the results and approved the final version of the manuscript.

Funding {#s7}
=======

Agencia Nacional de Investigación e Innovación (ANII) FCE_1\_2017_1\_136021 and FCE_2\_2011_1\_6381 to C.Q.; Comisión Sectorial de Investigación Científica (CSIC) of the Universidad de la República (UdelaR) CSIC I+D 2012 ID47 and Roche Educational Grant to C.Q. and C.A.; CSIC UdelaR, Iniciación 2015 ID164; ANII POS_NAC_2015_1\_109506 and Comisión Académica de Posgrados (CAP) of the UdelaR to J.M.; Espacio Interdisciplinario Centros 2015, UdelaR; Programa de Desarrollo de las Ciencias Básicas (PEDECIBA).

Competing Interests {#s8}
===================

The Authors declare that there are no competing interests associated with the manuscript.

Supplementary Material
======================

###### Supplementary Figures and Table
